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Abstract  
Nanocomposite pressure-sensitive adhesives (PSAs) composed of polyurethane 
(PU)/(meth)acrylates reinforced with MoS2 nanoplatelets were prepared by blending 
aqueous dispersions. MoS2 crystals were exfoliated by sonication in water in the presence of 
poly(vinylpyrrolidone) (PVP, molecular weight of 10,000 g mol-1) to prepare an aqueous 
dispersion. Waterborne colloidal polymer particles (latex) were synthesized by 
miniemulsion photopolymerization in a continuous tubular reactor. The adhesive and 
mechanical properties from the resulting nanocomposite films were determined as the MoS2 
fraction was increased. A superior balance of viscoelastic properties was achieved with 0.25 
wt% loading of the MoS2 nanoplatelets, leading to a tack adhesion energy that was three 
times greater than for the original PSA. 
Keywords: nanocomposites, pressure sensitive adhesives (PSAs), polyurethane 
(PU)/(meth)acrylates, MoS2 nanoplatelets. 
 
 
Published in ACS Applied Materials and Interfaces (2014) 6, 22640-22648. 
 
2 
 
1. Introduction 
Interest in polymer nanocomposites was first stimulated by the reports of Toyota 
scientists about the advantages of mixing of inorganic nanoparticles with polymers, leading 
to a new direction in the field of materials science.1 The use of inorganic nanoparticles with 
different shapes, e.g, platelets, spheres or tubes, as fillers in a polymer matrix has attracted 
increasing interest owing to the attractive properties arising from their small size and large 
aspect ratios, with applications in structural engineering, drug delivery, etc.2,3 These polymer 
nanocomposites can be produced by different methods such as in situ polymerization,4,5 
where the polymerization is performed in the presence of nanoparticles; melt blending,6-8 
where a polymer is blended with nanoparticles and then annealed at a temperature above the 
glass transition temperature of the polymer to form the nanocomposite; or solution 
blending,9-11 where the blending of polymer and nanoparticles is performed in a suitable 
solvent. For the production of waterborne nanocomposites for application as paints, coatings 
and adhesives, two main methods have been reported: (1) emulsion mixing and (2) in situ 
polymerization in suspension,12 emulsion13-16 and miniemulsion.17-21 The emulsion mixing 
method has shown to be the most simple and most effective method, since it consists of a 
simple blending of an aqueous dispersion of nanoparticles with the latex.14,22-24 One 
advantage of this simple method is that the polymer properties can be controlled during their 
synthesis and not perturbed by the presence of nanoparticles. A second advantage is that 
mixing at the nanoscale can be achieved, and the larger polymer particles can be used to 
organise or direct the position of the inorganic nanoparticles. 
One of the promising applications of polymer nanocomposites is in pressure-sensitive 
adhesives (PSAs).22-26 The adhesive properties of PSAs result from their well-balanced 
viscoelasticity in which there is viscous dissipation combined with sufficient elasticity.25,27 
The viscous component ensures good wetting of the substrate and enables extension during 
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debonding; the solid component resists deformation and supports load under shear stress. 
The utilization of various inorganic nanoparticles has provided a promising 
alternative19,22,23,28 to the classical polymer-polymer hybrids.29,30 Reports of different 
nanoparticles used for preparation of waterborne PSAs nanocomposites e.g., clay discs 
(laponite or montmorillonite), carbon nanotubes (multi-walled MWNTs or single-walled 
SWNT), and graphene, can be found in both the open and patent literature.15,19,22-24 
Improved adhesive properties have been obtained by the use of plate-like fillers, which 
are of interest in the present work. Crucially, re-arrangement of hard particles in a viscous 
matrix and the sliding of a viscous matrix along the hard particle surface can both dissipate 
energy during the deformation of the nanocomposite. It is known that mechanisms of energy 
dissipation increase tack adhesion of PSAs. As nanoparticles have a very high surface area, 
interfacial interactions (such as adsorption of polymer chains and sliding along interfaces) 
can make a significant impact on a soft matrix. For instance, laponite armoured 
poly(laurylacrylate) nanoparticles showed a significant enhancement of the tack energy as 
compared with unarmored latexes.28 Khan et al.31 added graphene sheets to a poly(vinyl 
acetate) adhesive and reported increased adhesion properties. 
Inspired by the unique properties of this new class of materials (two dimensional (2D) 
one or few molecular layers thin materials) and encouraged by the possibilities of the 
platelet-like nanoparticles to enhance the adhesive properties, in this study we have used 
molybdenum disulfide (MoS2) 2D nanoplatelets as a reinforcing filler in polyurethane 
(PU)/(meth)acrylate waterborne PSAs. Bulk MoS2 has a layered structure, with each layer 
consisting of a covalently bonded S−Mo−S hexagonal quasi two-dimensional network32,33 
and connected to other layers by weak attractive van der Waals forces. Owing to the 
relatively weak interlayer interaction, the monolayers of MoS2 can be mechanically 
exfoliated from a MoS2 crystal.
34 The literature reports several investigations in which 
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fullerene-like particles of MoS2 were used as fillers in a polymer matrix to improve the 
tribological properties35,36 and thermal stability37 of the polymer. MoS2 nanotubes were 
incorporated into a polyurea elastomer matrix in order to study the influence of the nanotubes 
on the glass transition temperature.38 To the best of the authors’ knowledge, no work on 
MoS2 nanoplatelets in waterborne PSAs has been reported. In this work, for the first time, 
nanocomposites were prepared by blending of exfoliated MoS2 nanoplatelets in water in the 
presence of PVP as a dispersant with waterborne PU/(meth)acrylic PSAs. The viscoelastic 
and adhesive properties with various amounts of MoS2 filler were investigated. It was 
demonstrated that the loading of 0.25 wt% nanoplatelets in the soft polymer matrix results 
in balanced viscoelastic properties and can raise the adhesion energy by about a factor of 
three. 
 
2.Experimental Section 
2.1. Materials  
Technical grade monomers, 2-ethylhexyl acrylate (2EHA, Quimidroga), methyl 
methacrylate (MMA, Quimidroga), methacrylic acid (MAA, Aldrich) and 2-hydroxyethyl 
methacrylate (HEMA, Fluka) were used as received. N-octadecylacrylate (SA, Aldrich) was 
used as a reactive costabilizer in order to prevent Ostwald ripening.39,40 An aliphatic 
isocyanate terminated polyurethane (PU) prepolymer, Incorez 701 (Incorez Ltd.) specially 
designed for adhesive applications, was used without further purification. The equivalent 
weight of the prepolymer is 1050 g/equivalent. Dibutyltindilaurate (DBTDL) (Aldrich) was 
used as catalyst for the polyaddition reactions. Dowfax 2A1, (alkyl 
diphenyloxidedisulfonate, DowChemicals) was used as surfactant to prepare the 
miniemulsions, and sodium dodecyl sulphate (SDS, Aldrich) was added after the 
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miniemulsification to improve the miniemulsion stability. Both were used as received. A 
non-bleaching, oil-soluble photoinitiator 1-hydroxycyclohexyl phenyl ketone (HCPK, 
Aldrich) was used as received. Sodium bicarbonate (NaHCO3, Aldrich) was used as a buffer. 
Gel-permeation-chromatography grade tetrahydrofuran (THF, Scharlau) was used as a 
solvent. Molybdenum(IV) sulphide (MoS2) powder was used as received. Three different 
samples of poly(vinylpyrrolidone) (PVP), with three different average molecular weights 
(10,000 (PVP10), 55,000 (PVP55) and 360,000 (PVP360) g/mol) (Aldrich), were used as a 
dispersant for the exfoliation of MoS2 nanosheets. Oxygen-free grade nitrogen was used for 
purging the feed. Double deionized (DDI) water was used throughout the work.  
2.2. Synthesis of the PU/Acrylic hybrid latex 
45 wt % solids content miniemulsions were prepared via the formulation shown in Table 
1. First, the organic phase containing the photoinitiator HCPK was prepared by dissolving 
the Incorez 701 in the monomer mixture (2EHA/SA/MMA/MAA/HEMA).  Then, the 
organic phase was mixed with an aqueous solution of the surfactant (Dowfax 2A1) and 
NaHCO3 under intensive magnetic stirring (15 min at 1000 rpm) to create an emulsion. The 
resulting coarse emulsion was sonicated in an ice bath for 15 min at 9 output control and 
80% duty cycle with a Branson 450 sonicator (Danbury, CT). The temperature after 
sonication was around 68 ºC. Finally, in order to improve the miniemulsion stability, SDS 
was added. After the addition, the miniemulsion was cooled down to room temperature under 
agitation (approximately 2 hours). 
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Table 1. Formulation used for the synthesis of the polyurethane/(meth)acrylic miniemulsion 
latex 
Component Amount (g) Weight % 
2EHA 196.43 91.5a 
SA  12.5 5.8a 
MMA 3.04 1.4a 
MAA 2.03 0.9a 
HEMA 1.01 0.4a 
PU 22.5 10b 
DBTDL 0.11 500 ppmc 
HCPK 1.01 0.48a 
DDI-water 270.05 - 
Dowfax 2A1  9 2 (45 wt% active)b 
NaHCO3 0.46 0.02 Md 
SDS   2.25 1b,e 
a weight based on monomer weight, b weight 
based on organic weight, c ppm based on organic 
phase, d based on water phase, e post 
miniemulsification addition  
 
The photopolymerizations were performed at room temperature in a continuous 
tubular reactor.41,42 The reactor consisted of a 740 mm silicone tube (2 mm inner diameter) 
and seven quartz tubes connected with each other with six semi-circular silicone bends (2 
mm inner diameter). Each quartz tube had a length of 400 mm, an inner diameter of 1 mm 
and an outer diameter of 3 mm. It has been shown that this reactor design allows a smooth 
operation at high solids content avoiding clogging.43 A UV chamber (model BS 03, Dr. 
Gröbel UV-Elektronik GmbH) equipped with 20 UV lamps emitting UV light in the range 
from 315 to 400 nm with a maximum at 368 nm was used. The incident light irradiance was 
measured using a radiometer UV sensor. A gear pump (model 305, Gilson) was used to feed 
the miniemulsion (that was kept under stirring at 450 rpm) to the reactor with a flow rate 
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corresponding to a residence time of 10 min, which was enough to achieve almost complete 
conversion of the acrylic monomers at the reactor outlet.41,42 Prior to being fed to the reactor, 
the miniemulsion was purged with nitrogen for about 30 min. The latexes were reacted under 
steady-state conditions. The reaction temperature was measured at the inlet and at the outlet 
of the reactor to be 25ºC±1ºC in both places. This shows that the reactor efficiently removed 
the heat of polymerization. Without UV irradiation, no polymerization of the (meth)acrylates 
took place even in the presence of the initiator. Moreover, direct irradiation of the monomer 
without a photoinitiator did not lead to the formation of a polymer. 
The latex was prepared using incident light irradiance of 7 mW/cm2 and PI 
concentration of 0.48 wt%. The hybrid PU-acrylic polymer is formed through a complex 
mechanism that has been studied elsewhere.42,44,45 Here, it is sufficient to say that during the 
preparation of the miniemulsion, reaction of the isocyanate-terminated PU prepolymer with 
water and HEMA led to extended and double bond/isocyanate terminated PU. In the reactor, 
due to the low temperature used (25 ºC) and the short residence time (10 min) only free 
radical polymerization occurred, and the remaining isocyanate groups reacted during the first 
8 days of latex storage.44 Later, hydrogen bonding and other physical interactions further 
modify the polymer microstructure.44 The latex was aged for 230 days to ensure that a stable 
microstructure was achieved. The average particle size was 150 nm, measured by dynamic 
light scattering (DLS) (ZetasizerNano Z, Malvern Instruments) and the gel content was 35 
wt% according to Soxhlet extraction in THF. 
2.3. 2D MoS2 nanoplatelets preparation and characterization 
MoS2 powder (99.0% purity) with a grain size less than 2 μm was ground in a mortar. 
Then the powder was dispersed in a PVP aqueous solution and was sonicated under stirring 
for 1 h at a power of 360 W (1 s on and 2 s off) with a tip sonicator Branson 450 (Danbury, 
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CT). The beaker was chilled by immersion in ice water during sonication. Then the 
dispersion was centrifuged at 4500 rpm for 30 min. The supernatant containing MoS2 
nanoplatelets was collected. The platelets were observed by transmission electron 
microscopy (TEM) and atomic force microscopy (AFM) analysis. The TEM images were 
obtained using a PHILIPS EM208S with a digital camera and a PHILIPS CM120 Biofilter 
with a STEM module. AFM images were acquired using AFM NTEGRA, NT-MDT in 
intermittent-contact mode. The nominal resonant frequency of the cantilever (NT-MDT, 
Moscow, Russia) was 120 kHz and the nominal spring constant was 7 Nm-1. Inductively 
coupled plasma-mass spectrometry (ICP/MS) (ICP/MS Agilent 7700 x) was used to 
determine the concentrations of MoS2 nanoplatelets in the supernatant from centrifugation 
by quantifying the peak at m/z 95, with a calibration of 0, 0.1, 0.25, 0.5 and 1.0 mgL-1, and 
using an internal standard mix of Bi, Ga, Ge, Rh and Sc.  
2.4. Nanocomposite preparation  
In order to achieve different MoS2 concentration with respect to the polymer (from 
0.1 wt% to 0.75 wt%), different amounts of the MoS2 dispersions were added to the 
PU/(meth)acrylic latexes under stirring. The resulting blends were stable for days; no 
macroscopic sedimentation of MoS2 was observed. 
 
2.5. Adhesive, linear viscoelastic and nonlinear elastic properties 
Probe tack measurements were performed following the Avery method 
(MicroSystems Texture Analyser, Godalming, UK) using a 1-inch, spherical stainless steel 
probe. The films were cast on glass (exactly 1.5 ml of the blend) using a cube applicator 
(from 200 µm to 400 µm) and then they were dried for 2 min under irradiation by an IR 
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lamp, followed by 48 h drying at room temperature. The final thickness of the films was 
calculated from the solids content of the blend used, and the thickness of the films was varied 
between 60 to 90 µm. The ambient temperature was approximately T = 21 ºC and the relative 
humidity was approximately 40% in all experiments. The procedure for probe-tack tests was 
as follows: the spherical probe was brought into contact with the film at a velocity of 30 μm 
s-1 and with a load of -4.9 N for 1 s, after which the probe was removed from the film at a 
controlled velocity that corresponded to an initial debonding rate of 1 s-1.  For every sample, 
the debonding rate was set according to the thickness of the film. The nominal stress is 
defined as the force divided by the contact area, and the strain is defined as the displacement 
divided by the thickness of the film. The contact area was calculated after every 
measurement. For each experiment, five replicate measurements were made, and the 
averages are reported here. 
Samples for dynamic mechanical analysis (DMA) were obtained by casting the latex 
in poly(tetrafluoroethylene) moulds and drying at room temperature for seven days. Then, 
rectangular samples with approximate dimensions of 10 mm × 3.5 mm × 0.5 mm were cut 
from dry films and analyzed using a commercial instrument (Q800, TA Instruments, New 
Castle, DE, USA) in a tension mode with a strain of 0.25% at a frequency of 1 Hz and a 
temperature sweep from –80 to 30 °C at a constant heating rate of 4 °C per min. 
Stress/strain measurements were carried out on a tensile apparatus (MicroSystems 
Texture Analyser, Godalming, UK) with a 5 mm s-1 crosshead velocity, which corresponded 
to an initial strain rate of 1 s-1. For each experiment, four replicate measurements were made, 
and the averages are reported here. 
3. Results and discussion 
3.1. MoS2 exfoliation 
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The layers in the bulk MoS2 crystals are connected by weak van der Waals forces. 
Therefore, to exfoliate the crystal into thin 2D nanoplatelets composed of one or a few 
molecular layers of covalently-bonded S-Mo-S, a low-energy sonication process was used. 
To hinder restacking of the MoS2 nanoplatelets, PVP was added as a stabilizing agent prior 
to the sonication process. After sonication, the dispersions were subjected to centrifugation 
(4500 rpm, 30 min) in order to remove the MoS2 that was not exfoliated. Figure 1 presents 
the effect of the PVP molecular weight and concentration on the concentration of MoS2 
nanoplatelets that remained dispersed in water. It can be seen that for a PVP concentration 
of 2 wt% (based on MoS2), the concentration of well dispersed exfoliated nanoplatelets 
decreased as the molecular weight of the PVP increased (Figure 1a), possibly because there 
were fewer stabilizing chains when the molecular weight was higher. Because the lowest 
molecular weight PVP resulted in dispersions with the highest concentrations, it was used in 
follow-up experiments. Figure 1b shows that the concentration of dispersed nanoplatelets 
has a maximum for a concentration of 5 wt.% PVP (based on MoS2). With a higher PVP 
concentration, the stability of the MoS2 decreased, perhaps because of bridging flocculation. 
Therefore, for all subsequent experiments, PVP with Mw = 10,000 g/mol and a concentration 
of 5 wt.% was used to disperse the MoS2. The prepared MoS2 aqueous dispersions were 
highly stable during months of storage. 
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Figure 1.Concentration of exfoliated MoS2 dispersed in water as a function of (a) the 
molecular weight of the PVP dispersant (at a constant PVP concentration of 2 wt%, based 
on MoS2) and (b) the PVP concentration (with Mw = 10 000 g/mol).  
Figure 2 presents the TEM images of the 2D nanoplatelets showing that most of the 
nanoplatelets were composed of few molecular layers (Fig.2a), but nanoplatelets with a 
thickness of one or two layers were also observed (Fig. 2b). Due to their ultrathin structure, 
the MoS2 nanoplatelets are transparent to the electron beam. The lateral size of most of the 
MoS2 nanoplatelets is around 100-300 nm, which is advantageous to facilitate their 
stabilization in water and blending with latex particles of a similar size. An AFM height 
image and the cross-sectional traces of MoS2 nanoplatelets spin-casted on mica are presented 
in Figure 3 confirming the TEM findings. The thickness of the MoS2 nanoplatelets is in the 
range 2 - 9 nm, which can be seen from the cross-sectional trace. Bearing in mind that the 
thickness of a monolayer MoS2 is 0.6 nm
46,47 and the distance between layers is measured to 
be 0.7 nm,48 we can conclude that most of the nanoplatelets are composed of between two 
and four layers of MoS2. 
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Figure 2. TEM images of exfoliated MoS2 nanoplatelets (a) at low magnification (scale bar 
= 2 m) and (b) at higher magnification (scale bar = 50 nm). 
 
Figure 3. AFM height image (area of 5 m  5 m) (a) and a cross-sectional trace (b) of 
exfoliated MoS2 spin-cast on mica. The steps in the trace are measurements of the MoS2 
platelet thickness. 
3.2. Adhesive and mechanical properties of the nanocomposite PSAs 
The adhesive and mechanical properties (linear viscoelastic and non-linear elastic 
properties) of the nanocomposite PSA were determined and compared with the properties of 
the original PSA. A way to assess the adhesive performance of a PSA is via probe-tack 
testing in which a probe is brought in to contact with the PSA surface and then removed at 
(a) (b) 
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a constant velocity. In these experiments, first the probe comes into contact with the adhesive 
film under a controlled load and set time. When the probe is elevated from an adhesive, a 
negative pressure is created, which induces the formation of cavities (in a high performing 
adhesives). The number of cavities reaches a maximum at maximum stress, σmax. Later on, 
the stress falls to a plateau because of propagation of the cavities laterally and vertically as 
the walls between the cavities are drawn into fibrils.49-51 The force that is needed to draw the 
fibrils determines the plateau stress, σp, at higher strains. Finally, the stress drops to zero 
when the fibrils break or detach from the probe at maximum strain, εf (strain at failure). The 
area under the stress−strain curve represents the adhesion energy, Eadh. 
As has been demonstrated in other work,52,53 the tackiness of adhesive film can be 
affected by the near-surface composition of the PSAs, which can be influenced by 
atmospheric conditions (e.g. relative humidity) for some polymer systems with polar 
chemical groups. In order to eliminate this influence in the comparison of performance of 
the films prepared here, all the films were prepared under the same conditions (T = 21ºC and  
relative humidity of 40%). The tack-probe analyses were carried out under the same 
conditions (T = 21 ºC, relative humidity of 40%) exactly 48 h after casting the film. In this 
way, the near-surface composition of all investigated films was established under similar 
conditions and similar aging. Thus, all the identified differences in tackiness can be 
attributed to the effect of MoS2 nanoplatelet addition. 
Figure 4 shows the probe-tack curves of the original PSA (PU/(meth)acrylics) and 
those of the MoS2 nanocomposite PSAs. The probe-tack curve of the original PSA shows a 
fibrillation plateau that indicates that there is some extension of cavities being drawn into 
fibrils. The abrupt drop in the plateau indicates that the walls of the cavities break and thus 
reduce the negative pressure. There is a continued extension of the fibrils to higher strains 
with a low stress level. The gradual decrease in the stress is indicative of cohesive failure, in 
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which the fibrils break because of their low strength. This mechanism was confirmed by the 
observation of polymer residue on the probe at the end of the test. All nanocomposite PSAs 
showed extended plateaux on the probe-tack curves, and the curves finally end with a rather 
abrupt decrease in the force to zero, which indicates an improvement in the cohesive 
strength. Adding small amounts of MoS2 nanoplatelets (0.1 wt%) led to a significant 
extension of the plateau (Figure 4), but there was still cohesive failure. Further increasing of 
the MoS2 content in the nanocomposites resulted in a detachment at the interface between 
the probe and the adhesive layer, via an adhesive (interfacial) debonding mechanism. In this 
case, no macroscopic residue on the probe at the end of the measurements was observed. 
The influence of the MoS2 nanoplatelets concentration on the work of adhesion 
(Eadh), and the strain at failure (εf), is presented in Figure 5. With an increasing concentration 
of the MoS2 nanoplatelets, both Eadh and εf increased and reached their maximum values at a 
concentrationof 0.25 wt%. Further increasing of MoS2 in the polymer matrix led to a 
decrease in both Eadh and εf (Figure 5). 
 
Figure 4. Representative stress-strain curves obtained at room temperature in probe-tack 
tests on nanocomposite films with different MoS2 concentrations (wt.%) indicated in the 
legend.   
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Figure 5. Adhesion energy (Eadh) and strain at failure (εf) obtained from probe-tack tests at 
room temperature as a function of MoS2 concentration in the PSAs. The dashed lines are a 
guide to the eye. 
In an attempt to shed light on the differences observed in the tack adhesion of the 
nanocomposites, a study of their bulk mechanical properties was carried out. In the design 
of PSAs, several parameters are important and should be in the optimal range. These 
parameters include the linear viscoelasticity, which determines whether there is fibrillation 
or interfacial crack propagation during debonding. Additionally, the nonlinear viscoelasticity 
at high strains which influences the fibril detachment, whether interfacial (known as 
adhesive failure) or breaking (known as cohesive failure). High extensibility ensures that the 
fibrils are strained to high values and hence dissipate a large amount of energy prior to their 
detachment. 
To consider the linear viscoelasticity first, the dynamic moduli are presented. The 
storage and loss moduli (E’ and E’’, respectively) as a function of MoS2 addition are shown 
in Fig. 6. It can be seen (Figure 6a) that there is an increase of the storage modulus of the 
nanocomposites compared to that of the original polymer, indicating that the introduction of 
MoS2 nanoplatelets enhances the stiffness, over the entire temperature range above the 
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polymer’s glass transition temperature. The increase in storage modulus with increasing 
MoS2 content is clearly seen in the range of higher temperatures (0 – 25 ºC), shown enlarged 
in the inset figure. The properties in this temperature range determine the PSA performance 
in the probe-tack tests at room temperature.  
The E’’ peaks presented in Figure 6b were used to find the polymer’s glass transition 
temperature, Tg. The calculated values are listed in Table 2 and demonstrate that the Tg 
increases with the addition of the nanoplatelets. The maximum shift of +11.9 ºC (Table 2) 
was found in nanocomposites containing 0.25 wt% MoS2. The observed increases of the Tg 
and the storage modulus provide evidence for interactions between the nanoplatelets and the 
polymer reducing the chain mobility. 
 
Figure 6. (a) Temperature dependence of the storage, E’ (b) and loss E’’ moduli of the 
original PU/(meth)acrylic PSA and  nanocomposite PSAs. The peaks in E’’ define the 
polymer’s Tg. The measurements were performed at a heating rate of 4 ºC min-1 and 
frequency of 1 Hz. 
Table 2. Glass transition temperature (Tg) (obtained from the E’’ peak) of the original 
PU/(meth)acrylic polymer and the nanocomposites. 
MoS2 content (wt.% 
on polymer) 
Tg (ºC) 
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0 -68.8 
0.10 -58.8 
0.25 -56.9 
0.50 -57.8 
0.75 -58.9 
 
In previous studies of nanocomposite adhesives containing MWNTs, observed 
improvements in mechanical and adhesive properties were strongly linked to the type of the 
dispersant used. That is, PVP dispersants yielded better properties than poly(vinyl alcohol) 
and conventional anionic and non-ionic surfactants.23 It was suggested previously that the 
dispersant acts as a bridge between the dispersed material and the polymer matrix, which 
implies that the dispersant was anchored to the dispersed material and had physical 
interactions with the polymer. For the present case, anchoring of the PVP to the MoS2 may 
be reinforced by hydrogen bonding of the S-atoms of the MoS2 and the PVP chains. 
Recently, Reineckeret et al.38 demonstrated that the S-atoms of MoS2 nanotubes are able to 
form intermolecular hydrogen bonding with polyurea chains. On the other hand, a necessary 
condition for the strong interaction between polymers is that they should be compatible. A 
way of assessing the compatibility between polymers is to check if the Flory−Huggins 
interaction parameter (𝜒𝑃𝑉𝑃−𝑃2𝐸𝐻𝐴) is lower than their critical interaction parameter (𝜒𝑐𝑟). In 
the supporting information it is shown that this is the case for the present system as 
𝜒𝑃𝑉𝑃−𝑃2𝐸𝐻𝐴 = 0.0065 and 𝜒𝑐𝑟 = 0.017. Therefore, the PVP is compatible with the P2EHA 
in the PSA. The molecular weight of the PVP used (10,000 g mol-1) is lower than its 
entanglement molecular weight (17,000 g mol-1);54 therefore entanglements between PVP 
and P2EHA were not formed. Nevertheless, it has been reported that even molecular weights 
that are one-half of the entanglement molecular weight can lead to an improvement of the 
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adhesion to hard surfaces.55 For the present case, the interfacial PVP chains provide to the 
adhesive an additional energy dissipation mechanism when the MoS2 nanoplatelets slide 
along the polymer matrix. 
Loadings higher than 0.25 wt% led to a decrease of both the adhesive properties and 
the Tg, perhaps because of the increased aggregation and restacking of the nanoplatelets 
placed in the small excluded volume between the particles of the hybrid latex dispersion.   
The dependence of the E’ and tanδ/E’ on the MoS2 concentration at a temperature of 
25 C and at a frequency of 1 Hz is presented in Figure 7a. It can be seen that the storage 
modulus increases with an increasing MoS2 concentration. The storage modulus for all the 
concentrations used, except for the highest one (0.75 wt%), lies in the range below 0.3 MPa, 
which according to the Dahlquist criterion56 is the maximum of the recommended range of 
E’ values for high tack adhesion. (Here the polymer is being described as a non-compressible 
solid, such that G’ = E’/3). With a higher E’, the force to strain the polymer is greater than 
the debonding force and interfacial cracking can develop. The high E’ value for 0.75 wt.% 
MoS2 explains the poorer tack adhesion properties shown previously in Figures 4 and 5. The 
tanδ/E’ ratio constantly decreases with increasing MoS2 concentration (Figure7a). The high 
value of tanδ/E’ obtained for the original PSA explains the liquid-like behaviour of this PSA 
(fibrillation at  high strains previously shown in tack curves, Figure 4, although the fibrils 
undergo cohesive failure). 
To understand the differences in adhesive properties presented in Fig. 4, the 
dissipative properties of the latex and nanocomposites, in relation to their elastic components 
are next considered. As noted previously, a simple criterion to predict adhesive performance 
is the ratio tanδ/E’. Values higher than a critical level, which according to Deplace et al.57 
for adhesion on stainless steel is 0.167·10-5 Pa-1, favours the development of fibrils rather 
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than interfacial crack propagation. The adhesion energy as a function of the ratio tanδ/E’ 
was plotted in Figure 7b. The original PSA has the highest value for tanδ/E’ (Figure 7b), 
which implies a greater tendency for fibrillation. It can be seen from the probe-tack curve 
(Figure 4) that the original PSA fibrillates at high strain, however it does not have enough 
cohesive strength to support the high stress. Consequently, the adhesion energy is low 
(Figure 7b). When increasing the nanoplatelets concentration, the ratio tanδ/E’ decreases and 
the adhesion energy increases, reaching a maximum at 0.25 wt% nanoplatelets 
concentration. When there is a decrease in tanδ/E’ there is an increase in Eadh because 
cohesive failure is avoided with stronger and extendable fibrils. Below a certain value of the 
tanδ/E’, namely for loadings higher than 0.25 wt%, which in this case is 2.04 MPa-1, the 
adhesive is too stiff (its modulus is too high) and the adhesive failure occurs at lower strains 
leading to a decrease in Eadh. The adhesion energy of the nanocomposites containing 0.25 
wt% MoS2 is 223 J m
-2, which is three times higher than found for the original PSA.  
 
Figure 7. (a) Storage modulus (E’), and tanδ/E’ as a function of the MoS2 concentration. 
Measurements were made at a temperature of 25 C and a frequency of 1 Hz. (b) Adhesion 
energy (Eadh) of PSAs as a function of tanδ/E’ for the composite of varying MoS2 
concentrations, as indicated. The dashed lines are a guide to the eye. 
Original PSA 
0.1 wt% 
0.25 wt% 
0.5 wt% 
0.75 wt% 
(a) (b) 
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The large-strain properties of the nanocomposite PSAs were studied in tensile 
experiments to aid in the explanation of the PSA debonding in the tack test at large strains. 
In this regime, a large extensibility is required for a long plateau in the tack curve and a high 
tack energy. The tensile stress measurements were performed at a strain rate corresponding 
to that used in the probe-tack measurements. Figure 8 shows that for the original PSA, no 
strain hardening was observed in the tensile stress-strain curve, which correlates with the 
liquid-like characteristics found in the probe-tack analysis (Figure 4). The figure also shows 
that the addition of a small amount of nanoplatelets (0.1 wt%) had a noticeable effect on the 
stress level at large strains, which can explain the increased cohesion observed in the probe-
tack data for this nanocomposite PSA. With 0.1% MoS2 load, the probe-tack data in Figure 
4 shows that the fibrils are stable when strained to large values, and the stress level of the 
plateau is raised. Higher MoS2 amounts (>0.25 wt.%) gave sufficient reinforcement to the 
nanocomposites to yield strain hardening at high strains. The plateau in the probe-tack 
analysis extended with increased MoS2 loading, which can be explained by the 
reinforcement of the fibrils. However, at the same time, the storage modulus (Figure 7a) 
increased monotonically with an increase of the MoS2 concentration, and ultimately this 
over-hardening led to a decrease of the tack energy (Figure 4). 
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Figure 8. Effect of MoS2 concentration on the tensile stress-strain relations of the 
nanocomposites at room temperature. 
  The data in Figure 8 were analysed to provide quantitative information. An enhanced 
stiffness can be clearly seen in Figure 9 where the Young’s modulus, obtained from the 
stress/strain data, increases continuously with the MoS2 concentration. There is also a small 
increase in the pseudo-yield stress that accompanies the increasing modulus. The strain 
hardening is analysed by plotting the maximum nominal stress (from Figure 8). The 
maximum stress shows an abrupt upward step between 0.1 and 0.25 wt.% MoS2 
nanoplatelets (Figure 9b) where the strain hardening becomes evident and provides further 
evidence for the interactions between the platelets and the polymer. This strain hardening 
leads to a clean detachment of the fibrils from the substrate. Hence, it ensures adhesive 
failure, rather than the cohesive failure observed without MoS2 present. However, the 
combination of a higher elastic modulus and strain hardening attributed to the MoS2 at higher 
concentrations contributes to a decrease in the fibrillation plateau length and a corresponding 
decrease in the tack energy.  
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It is worth pointing out that, although our PU latex was synthesized by miniemulsion 
polymerization because it incorporates water-insoluble monomers, a similar beneficial effect 
of the combined use of MoS2 and PVP is expected for colloidal polymers prepared by 
emulsion polymerization or related methods. 
 
Figure 9. Dependence of the bulk mechanical properties of nanocomposites as a function 
of MoS2 concentration: (a) Young’s modulus (right axis) and pseudo-yield stress (left axis), 
and (b) maximum nominal stress in tensile tests. The dashed lines are guides to the eye. 
Conclusions 
In this study, we have shown that the use of 2D MoS2 nanoplatelets as a 
nanocomposite filler in PU/(meth)acrylic pressure sensitive adhesives at very low 
concentrations leads to discernible adhesive and mechanical property enhancements. 
Aqueous dispersions of exfoliated MoS2 nanoplatelets, stabilized by low molecular weight 
poly(vinyl pyrrolidone), were blended with PU/(meth)acrylic hybrid latexes. In addition to 
preventing the re-stacking of the platelets in the dispersion, PVP acts as an interface bridge 
between the inorganic and polymer phases in the final film. The glass transition upward shift 
indicates that the nanoplatelets reduce the mobility of polymer phase. The PVP might also 
(a) 
(b) 
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provide an additional energy dissipation mechanism when the MoS2 slides along the 
interface under deformation of the nanocomposite. 
The adhesive and mechanical properties of the resulting nanocomposites films were 
compared with the original PSA. The addition of a very low amount of nanoplatelets (0.1-
0.25 wt%) led to a significant improvement of the PSA tack adhesion properties, as the 
fibrillation plateau was raised and lengthened, as the fibrils were stronger and stable in 
extension. A further increase of the MoS2 loading resulted in a decrease of the properties, 
because the adhesive becomes too stiff and loses some dissipative properties. A superior 
balance of viscoelastic properties was achieved for 0.25 wt% loading of the MoS2 
nanoplatelets, leading to the tack adhesion energy being three times greater than for the 
original PSA.  
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